Sindbis virus nonstructural polyproteins and their cleavage products are believed to be essential components of viral RNA replication and transcription complexes. Although numerous studies have investigated the effect of mutations in nsPl-, nsP2-, and nsP4-coding regions on Sindbis virus-specific RNA synthesis, relatively little is known about the function of the region encoding nsP3. nsP3 is a phosphoprotein comprising two regions: an N-terminal portion which is highly conserved among alphaviruses and a C-terminal portion which is not conserved, varying both in sequence and in length. We have constructed a library of random linker insertion mutations in the nsP3-coding region and characterized selected viable mutants. Initially, 126 mutants containing insertions in the conserved region and 23 with insertions in the nonconserved region were screened for temperature-sensitive (ts) plaque formation or for significant differences in plaque morphology. All nonconserved-region mutants were similar to the parental virus, whereas 13 of those in the conserved region were either ts or exhibited altered plaque phenotypes. Ten of these 13 mutants were ts for plaque formation as well as RNA accumulation at 40°C. Highly ts mutants CR3.36 and CR3.39 were defective in their ability to synthesize minus-strand RNAs at the nonpermissive temperature. The CR3.36 and CR3.39 insertion mutations localized to different regions near nsP3 residues 58 and 226, respectively. CR3.39 was able to complement ts mutants from Sindbis virus complementation groups A, B, F, and G. Another mutant isolated from the library, CR3.34, while not ts for plaque formation or RNA synthesis, formed smaller plaques and was defective in subgenomic RNA synthesis at all temperatures examined. These results suggest a role for nsP3 or nsP3-containing polyproteins in the synthesis of viral minus-strand and subgenomic RNAs. complexes. The SIN nonstructural proteins are initially synthesized as two polyproteins, designated P123 and P1234 (16). P1234 is synthesized in smaller quantities than P123 since its synthesis is dependent on readthrough of an in-frame opal termination codon following the nonstructural protein nsP3 (33, 56). The papainlike proteinase domain responsible for cleavage of these polyproteins resides in the C-terminal domain of the nsP2 protein (6, 17), and the processing pathways are complex and regulated by the cleavage site specificities and cis-trans properties of the various nsP2-containing proteinases (5, 17, 50; for a review, see reference 59). Early in infection, cleavage of P1234 at the 3/4 bond is believed to occur in cis. Cleavage at the 1/2 and 2/3 sites appears to occur in trans such that efficient processing at these sites depends on the concentration of trans-acting proteinases. Later in infection, mainly processed products nsPl, nsP2, and nsP3 are observed, although polyprotein P34 accumulates as a consequence of inactivation of proteinases which can cleave at the 3/4 site.
Sindbis virus (SIN) is an enveloped plus-strand RNA virus in the genus Alphavirus and family Togaviridae (see reference 49 for a review). Upon infection, the genomic RNA serves as both the mRNA for synthesis of the viral nonstructural proteins and the template for synthesis of complementary minus-strand RNA. Newly synthesized minus-strand RNA in turn functions as the template for both synthesis of plus-strand genomic RNAs and transcription of subgenomic RNAs, which are translated to produce the viral structural proteins. Synthesis of these viral RNAs during the viral replication cycle in vertebrate host cells is highly regulated. The rate of viral plus-strand RNA synthesis increases during the early stages of infection, reaches a maximal level, and then continues at this rate until late in infection (46, 47) when host cells begin to deteriorate (8) . In contrast, minus-strand RNA synthesis reaches a maximal rate early in infection and then rapidly decreases to barely detectable levels (46) . The timing of minus-strand shutoff coincides with maximal plus-strand synthesis, suggesting that the concentration of minus-strand templates may limit plusstrand synthesis. However, studies of mutants defective in minus-strand shutoff suggest that other factors besides minus strands can limit plus-strand synthesis rates (43) . The ratio of genomic to subgenomic RNA synthesis is also regulated and increases during the course of infection (52) . Although models have been proposed (5) , the mechanisms which regulate these template-specific initiation events are not well understood.
SIN nonstructural polyproteins and their cleavage products, translated from genome-length plus-strand RNAs, are essential components of viral RNA replication and transcription complexes. The SIN nonstructural proteins are initially synthesized as two polyproteins, designated P123 and P1234 (16) . P1234 is synthesized in smaller quantities than P123 since its synthesis is dependent on readthrough of an in-frame opal termination codon following the nonstructural protein nsP3 (33, 56) . The papainlike proteinase domain responsible for cleavage of these polyproteins resides in the C-terminal domain of the nsP2 protein (6, 17) , and the processing pathways are complex and regulated by the cleavage site specificities and cis-trans properties of the various nsP2-containing proteinases (5, 17, 50 ; for a review, see reference 59) . Early in infection, cleavage of P1234 at the 3/4 bond is believed to occur in cis. Cleavage at the 1/2 and 2/3 sites appears to occur in trans such that efficient processing at these sites depends on the concentration of trans-acting proteinases. Later in infection, mainly processed products nsPl, nsP2, and nsP3 are observed, although polyprotein P34 accumulates as a consequence of inactivation of proteinases which can cleave at the 3/4 site.
Possible roles for different portions of the nsP-coding region in RNA replication have been postulated on the basis of limited sequence homology with known host and viral enzymes (1, 19) , biochemical assays, and numerous studies using SIN mutants. Recent results also suggest that distinct functions may be performed by uncleaved polyproteins as opposed to processed nonstructural proteins (27-29, 51, 62) . The nsPl region encodes a methyltransferase activity (35, 36) and possible capping functions (48) , and mutations in this region can result in a temperature-sensitive (ts) defect in minus-strand synthesis, probably at the level of initiation (14, 46, 61) . The N-terminal portion of the nsP2-coding region contains nucleoside triphosphate binding and helicase motifs (9) , and, as mentioned above, the C-terminal portion is a papainlike proteinase domain involved in nonstructural region processing (53) . Mutations in the nsP2 region can result in aberrant processing (15) , 5782 LASTARZA ET AL. defects in subgenomic RNA synthesis (14, 44) , and ts resumption of minus-strand synthesis (45) . The nsP4 region contains motifs characteristic of RNA-dependent RNA polymerases (18, 19) and is believed to serve as the active polymerase in both minus-and plus-strand replication complexes (2, 13, 29, 51) . Mutations in the nsP4 region can result in ts synthesis of all three viral RNAs (13) , ts resumption of minus-strand synthesis (43, 45) , and ts defects which are host cell dependent (mosquito versus vertebrate) (25) .
In contrast, there exist relatively few data on the role of nsP3 and nsP3-containing polyproteins in SIN-specific RNA synthesis. Unlike the nsPl, nsP2, and nsP4 regions, which show extensive homology with nonstructural proteins from other positive-strand virus families, including plant viruses (1, 18) , only a short sequence near the N terminus of nsP3 shows weak homology to rubella virus, another togavirus, and avian infectious bronchitis virus, a coronavirus (7, 10) . The alphavirus nsP3 region consists of a conserved N-terminal portion and a nonconserved C-terminal portion, which is highly variable in sequence and length among alphaviruses (55) and is mostly dispensable for SIN replication in vertebrate cells (24) . nsP3 and some nsP3-containing polyproteins are phosphorylated in vivo, resulting in the production of a number of electrophoretically distinct forms (31) . The role of these phosphorylated species in SIN RNA replication, if any, is unknown. Interestingly, nsP3 can also be phosphorylated in vitro by an associated serine/threonine-specific protein kinase which may be the same enzyme responsible for nsP3 phosphorylation in virus-infected cells (31) .
Although characterization of SIN RNA-ts mutants in the nsP3 region could provide insight into its function, only one RNA-lesion has been mapped to nsP3 (14 
MATERMILS AND METHODS
Cell cultures, virus stocks, and plaque assay. Secondary chicken embryo fibroblasts (CEF) were propagated as previously described (38) . All virus stocks were generated either by DEAE-dextran-mediated transfection of CEF with RNA transcribed in vitro from the mutant cDNAs as templates (40) or by the isolation of virus from plaques on CEF monolayers and subsequent passaging in CEF. Infections and plaque assays were done as previously described, using virus diluted in phosphate-buffered saline (PBS) containing 1% fetal calf serum (38) . pToto:tsllA1, pToto:tsl7Bl, pToto:tsl8Bl, and pToto:ts1lOC2 cDNAs used for in vitro transcription were kindly provided by Y. S. Hahn (13, 14) .
Plasmid construction and site-directed mutagenesis. All recombinant DNA manipulations were done essentially as described elsewhere (34) with reagents from commercial sources. Numbering refers to the nucleotide positions in the SIN genome RNA (or cDNA) sequence (57) . To construct the parental clone with the unique MluI and XbaI restriction sites ( Fig. 1) used for the generation of the nsP3 random insertion libraries, the NheI (3437)-EcoRI (5392) fragment from the nsP3 deletion mutant pAl14 (24) Random insertion mutagenesis. Supercoiled monomer p3MX DNA, purified from the recA Eschenichia coli strain WM1100 by banding twice in cesium chloride gradients, was treated with DNase I in 20 mM Tris (pH 7.5)-1.5 mM MnCl2-0.02 mg of gelatin per ml to produce randomly linearized full-length fragments. DNase I-treated p3MX DNA was repaired with T4 DNA polymerase to fill in 5' overhanging ends or remove 3' overhanging ends and then dephosphorylated with calf intestinal alkaline phosphatase. Randomly linearized p3MX DNA molecules were isolated after separation by electrophoresis on a low-melting-point agarose gel and ligated with a phosphorylated SphI 12-mer linker (5'-GCAT GCGCATGC-3'). The SphI recognition sequence is not found in either p3MX or pTotollO6, which allowed selection of mutant plasmids containing the inserted linker. The ligation products were used to transform MC1061 by electroporation, creating the initial library of random insertion mutations. The MluI-XbaI fragment from the original library was subcloned into p3MX, and this library was selected once for the presence of the SphI restriction site by digestion with SphI, isolation and intramolecular ligation of the linearized molecules, and transformation of MC1061 by electroporation to produce the library designated p3RSS. p3RSS was then split into two libraries by subcloning the MluI (4080)-BsmI (5052) (26, 33) , and the products were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) (22) . Gels were treated for fluorography (34) , dried, and exposed to X-ray film.
RESULTS
Random mutagenesis of SIN nsP3. The method chosen for creating mutations in the nsP3 region was random cleavage using DNase I followed by insertion of an SphI linker. To select for mutations confined primarily to the nsP3-coding region and to facilitate subcloning steps, two novel restriction enzyme sites were created near the 5' and 3' boundaries of the nsP3-coding region. Silent changes were used to create a unique MluI (4080) site near the 3' end of the nsP2-coding region and a unique XbaI (5730) site near the 3' end of the nsP3-coding region. The location of these restriction sites was such that the random insertion mutation library would include mutations in the 3'-terminal 15 nt of the nsP2-coding region and would lack mutations in the 3'-terminal 18 (Fig. 1) .
Isolation and initial characterization of SIN nsP3 mutants. Plasmid DNA prepared from the pT3C and pT3N libraries was linearized with XhoI and transcribed with SP6 RNA polymerase, and the resulting RNA was used to transfect CEF (40) . Transcript RNA from these libraries was expected to have a lower specific infectivity (PFU per nanogram of RNA) than Totol 106 RNA, for two reasons. First, because of the repair of 5' or 3' protruding ends, two-thirds of the insertion mutations should be out of frame and therefore lethal. Second, even for in-frame insertions, at least some mutations were expected to be lethal for plaque formation. Compared with that of Totol106 RNA, the specific infectivity (at 30 or 40°C) for the pT3C library was 10-to 20-fold lower while that for the pT3N library was only two-to fourfold lower. Plaque size heterogeneity was especially evident in the pT3C library. As predicted, these observations suggested that the conserved region was much more sensitive to mutagenesis than the nonconserved region.
Both small and large plaques, 126 from the pT3C library and 23 from the pT3N library, were isolated from transfected monolayers incubated at 30°C. Virus stocks were generated at 30°C and the titers were determined at both 30 and 40°C to screen for mutants that either were ts for plaque formation or displayed reproducible differences in plaque phenotype compared with that of the parental virus. Thirty-seven of the 126 isolates from the pT3C library were significantly ts, with reductions in plaquing efficiency ranging from 10-fold to more than 1,000-fold compared with that of TotollO6. In addition, some isolates from the pT3C library, although not ts, demonstrated significant differences in plaque morphology compared with that of Totol106 at 30 and/or 40°C. In contrast, only two of the 23 isolates from the pT3N library were found to be slightly ts (10-to 15-fold reductions compared with TotollO6).
Given the high specific infectivity of the pT3N library at both 30 and 40°C and our inability to identify highly ts mutants in initial 30°C plaque isolates, we have not characterized mutants derived from the pT3N library further.
Thirteen isolates from the pT3C library, those which were strongly ts and some which exhibited significant differences in plaque morphology, were chosen for further characterization. The regions containing the linker insertion mutations were amplified by reverse transcriptase PCR and cloned into the pTotollO6 background and are designated CR3.31 to CR3.43. Appropriate regions were sequenced, and the nucleotide and deduced amino acid sequences at the insertion sites are shown in Fig. 2A 6-base recognition sequence plus duplications in the flanking sequence of either 3, 6, 9, or 12 bases. CR3.31, CR3.32, and CR3.33 had deletions of either 6 or 9 flanking bases, in addition to the SphI 6-mer insertion. CR3.35 and CR3.40 were the only mutants in which the SphI linker was inserted without duplication or deletion of flanking sequences. Duplication or deletion of the flanking wild-type sequences at the insertion points presumably arose during repair of DNase I-linearized DNA containing 5' or 3' overhanging ends with T4 DNA polymerase. In all cases, the original SphI 12-mer linker used for mutagenesis had been reduced to a 6-mer, presumably during the multiple SphI selections used to construct the mutant libraries. CR3.31 contained a second mutation which resulted in the conversion of Cys-34, an amino acid which is conserved among all alphavirus nsP3 sequences reported, to Tyr. The origin of this additional mutation is unknown, and whether the phenotype of CR3.31 is a result of one of these mutations by itself or a combination of both has not been determined. The majority of the mutations clustered in the N-terminal one-fourth of the conserved region, with the remaining mutations located in the C-terminal one-third. The insertion mutations in CR3.37 and CR3.42 were identical and similar to that of mutant CR3.38, which contained a net insertion of four amino acids instead of five. The CR3.32 mutation was located near the N terminus of nsP3 in the sequence which shows some homology with rubella virus and avian infectious bronchitis virus (7, 10) .
Mutant virus stocks used in subsequent experiments were generated by transfection of CEF with RNA transcribed from the mutant cDNA clones. The titers of the resulting virus stocks were determined at 30 and 40°C ( Table 1 ). All of the mutants grew to relatively high titers (>6 x 10 PFU/ml at 30°C) except for CR3.31, which only reached a titer of 3 x 107 PFU/ml at 30°C. A few of the mutant virus stocks derived from To determine the molar ratio of 49S/26S RNA, these species were separated by gel electrophoresis (Fig.  3) , localized by fluorography, and excised and radioactivity was counted. ( Table 2 ; Fig. 3 ). Under these lysis and electrophoresis conditions, released plus strands resolve from replicative intermediates (which contain minus strands and nascent plus strands) which migrate more slowly (2) . The molar ratio of genomic (49S) to subgenomic (26S) RNA for each mutant at 30 The effect of a shift to the nonpermissive temperature on plus-strand synthesis was examined late in infection, after minus-strand synthesis was shut off. Since minus-strand synthesis had already decreased to a minimum level by the time of the shift-up, any effects of the shift to the nonpermissive temperature on plus-strand synthesis should be representative primarily of a ts effect on plus-strand synthesis and not a secondary effect from a ts effect on minus-strand synthesis. For CR3.36, CR3.39, and Totol106, plus-strand synthesis decreased slightly upon shift to the nonpermissive temperature (Fig. 4) . The percent reduction in plus-strand synthesis for both mutants was similar to that for TotollO6, indicating that neither mutation has a ts effect on plus-strand synthesis.
The experiment whose results are shown in Fig. 5 examined the rate of synthesis of both total viral RNA and minus-strand RNA at the permissive temperature and after a shift to the nonpermissive temperature, early in infection when viral minus-strand RNA synthesis is actively occurring. Toto:tsllA1 (14, 46, 61) , a previously isolated ts SIN mutant defective in minus-strand synthesis, was included for comparison. The results obtained for CR3.36, CR3.39, and Toto:tsllA1 were similar, with all three mutants exhibiting continued synthesis of total viral RNA upon shift-up to 40°C, whereas minus-strand synthesis rapidly ceased. Upon shift to 40°C, total viral RNA synthesis for Totol106 increased significantly, compared with that at 30°C, while the rate of synthesis of total viral RNA for all three mutants remained approximately the same as it was at It should be noted that the tsll lesion was analyzed in the TotollO1, rather than the TotollO6, genetic background. This difference is unlikely to have affected the tsll phenotype since these parental strains differ by only seven silent changes and have similar growth and RNA accumulation phenotypes (14) (data not shown).
the time of the shift. These results can at least be partially explained by the lack of minus-strand synthesis after shift-up for the three mutants, resulting in no additional templates for increased plus-strand synthesis. In contrast, the parental virus continued to synthesize minus strands at 40°C which could serve as templates to increase the level of plus-strand synthesis. Viral RNA, labeled at 30°C or after the shift to 40°C, was analyzed by gel electrophoresis, and no obvious differences in the ratio of genomic to subgenomic RNA synthesized were observed (data not shown). Therefore, it appears that the ts defect in RNA replication for the mutants CR3.36 and CR3.39 is in minus-strand RNA synthesis. These experiments do not distinguish between initiation versus elongation defects.
Complementation of CR3.36 and CR3.39 with RNA-ts mutants. The ability of mutants CR3.36 and CR3.39 to complement each other, and representatives from the four established RNA-complementation groups of SIN, was examined in a standard mixed infection at the nonpermissive temperature (Table 3 ). The representative ts mutants from complementation groups A, B, F, and G were Toto:tsl7Bl, Toto: tsllAl, Toto:tsllOC2, and Toto:tsl8Bl, respectively (13, 14) . CR3.39 complemented mutants from all four groups, thus 30 and 40°C but to a lesser extent at 40°C. At both temperatures, CR3.34 overproduced nsP3, P34, and P123 relative to the parental virus, but the relative amounts of these proteins were similar, indicating that processing at the 2/3 and 3/4 cleavage sites was not affected. CR3.34 nsP3 was not converted efficiently to more slowly migrating phosphorylated forms (especially at 40°C), but some minor lower-mobility forms were observed. CR3.39 exhibited slightly altered mobility of its fastest-migrating form at both 30 and 40°C, and little, if any, was converted to the more slowly migrating forms at either temperature. Although differences in phosphorylation were obvious, there was no correlation between the extent of nsP3 phosphorylation and RNA phenotype. Since the responsible kinase and the acceptor sites have not been defined, the mechanism by which these mutations affect nsP3 phosphorylation is not known.
DISCUSSION
Chemical mutagenesis of SIN has led to the isolation of a number of ts mutants which have been useful for studying SIN RNA replication (3, 4, 13, 14, 25, 40, 43, 45, 54, 58, 61) . These analyses have revealed a paucity of mutations in the nsP3 region. In this study, we used random insertion mutagenesis to create a library of clones containing mutations in the nsP3 region. The library was further subdivided to produce two libraries of full-length clones, one for the conserved N-terminal region and another for the nonconserved C-terminal region. From the conserved-region library, a preliminary screen was used to identify potentially interesting ts or plaque morphology mutants, and the RNA phenotypes of some of the mutants have been characterized in detail. These analyses suggest a role for the nsP3 region in the synthesis of both viral subgenomic and minus-strand RNAs.
The phenotype of CR3.34, which showed a dramatic and specific defect in subgenomic RNA synthesis at all temperatures examined, is somewhat surprising, given previous genetic studies (14, 44) implicating nsP2 in subgenomic RNA synthesis (see below). Although the CR3.34 mutation is located in the nsP3-coding region, we cannot conclude with absolute certainty that the observed RNA phenotype is exerted at the protein level. The inserted sequence could alter the structure of the minus-strand template, leading to inefficient initiation of subgenomic RNA synthesis. This possibility seems unlikely given the distant location of the subgenomic RNA promoter element (30) , the observation that the subgenomic promoter can function in a variety of different viral sequence contexts (12, 39) , and the fact that other insertion mutations in the conserved region (this work) as well as large deletions and duplications in the nonconserved region (24) did not decrease the efficiency of subgenomic RNA synthesis. It seems more likely that the RNA phenotype is a result of a defect in nsP3 or nsP3-containing polyproteins.
The CR3.34 mutation is a 3-amino-acid insertion between residues 252 and 253 of nsP3 (Fig. 7) . The region is conserved among the alphaviruses and contains at least one acidic amino acid within 3 amino acids of the insertion site. If a negative charge in this region is necessary for efficient subgenomic RNA initiation, this may be disrupted by the inserted amino acids, which include an arginine and a histidine residue. Another potentially interesting feature near the CR3.34 insertion site is three serines (amino acids 254 to 256), including Ser-255, which is conserved among alphaviruses. Since the phosphorylation pattern of CR3.34 nsP3 was altered, one effect of the insertion might be to block phosphorylation at one or more of these serine residues. In this scenario, the defect in subgenomic RNA synthesis might be the result of impaired phosphorylation rather than a direct effect of the inserted sequence. Using the TotollO6 genetic background, we examined the effect of single or multiple alanine substitutions for these three serine residues. While the results suggested that Ser-255 is phosphorylated, no obvious differences in nsP3 phosphorylation were detected for the Ser-254 and/or Ser-256 substitutions (data not shown). Although the serine substitutions resulted in impaired viral RNA accumulation, none of the mutants exhibited the selective CR3.34 defect in subgenomic RNA synthesis.
The mechanism by which the CR3.34 defect allows efficient minus-strand and genomic RNA accumulation but disrupts the subgenomic RNA synthesis is unknown. Of the many possibilities, previous results with mutant CR3.4 make it unlikely that this region of nsP3 interacts directly with the subgenomic promoter element (32) . CR3.4 contains a deletion of nsP3 residues 219 to 273, which includes the site of the CR3.34 insertion mutation. Although the CR3.4 mutation is lethal for viral plaque formation, subgenomic RNA can be synthesized, arguing against the possibility that this region interacts directly with the promoter to initiate subgenomic RNA synthesis. Alternatively, ts mutations in nsP2 which result in impaired polyprotein processing (15) or substitutions at the 1/2 and 2/3 cleavage sites engineered to block processing (50) dramatically decrease the efficiency of subgenomic RNA synthesis (28) . These results suggest that cleavage of P123 could alter the template specificity of the replication complex to prefer minusstrand templates, leading to efficient initiation of genomic and subgenomic plus-strand synthesis (28) . Although CR3.34 does overproduce uncleaved polyproteins, the ratio of P123 to nsP3 does not appear to be significantly different from that of the parent, suggesting that this may not be the explanation for inefficient subgenomic RNA synthesis. Further, CR3.37, which exhibits a defect in P123 processing at 30°C and accumulates levels similar to those of CR3. 34 (56) , and Venezuelan equine encephalitis virus (VEE) (20) . Dashes indicate identity to the SIN sequence, and spaces indicate gaps introduced for alignment purposes. The numbers denote the first and last nsP3 residues of each region shown. The sequences and positions of the CR3.1, CR3.33, CR3.34, CR3.35, CR3.36, CR3.39, and CR3.41 insertion mutations and the ts7 and ts24 nsP3 substitution mutations (vertical arrows) and parental residues replaced with mutant amino acids (boxed residues) are indicated. The CR3.1 insertion mutation is highly deleterious for viral replication and reverts quickly (18a). Substitutions of Lys-218 with glutamic acid in ts7 or Val-219 with alanine in ts24 have no apparent effect on viral replication at either 30 or 40°C.
subgenomic RNA synthesis at this temperature. Despite cleavage at the 1/2 and 2/3 sites, the CR3.34 mutation may not allow the transcription complex to assume the conformation necessary for efficient initiation of subgenomic RNA synthesis.
This work has also shown that mutations in the nsP3 region can also result in ts minus-strand synthesis. Recently, the causal mutation in ts4, a mutant which is also defective in minusstrand synthesis, has been mapped to nsP3 (62) . Since replication of CR3.36 and CR3.39 occurs during complementation with Toto:tsllOC2, it seems likely that the defects in these mutants act at the protein level rather than via disruption of a cis RNA element important for minus-strand synthesis. Complementation analysis of CR3.39 has possibly established an additional RNA-complementation group, although more extensive analyses using additional conditional mutants in the nsP3 region are needed. The ts mutation in nsP3 derived from ts7 (Phe-312 to serine) has yet to be placed into a complementation group. The most interesting finding is the ability of CR3. 36 
